The recent interest in size-dependent deformation of micro-and nanoscale materials has paralleled both technological miniaturization and advancements in imaging and small-scale mechanical testing methods.
I. INTRODUCTION AND BACKGROUND
As technological devices continue to miniaturize and the constituent materials that comprise them approach micro-and nanoscale dimensions, the need for accurate scale-specific testing methods grows. The mechanical behavior of microand nanoscaled materials has in particular been the subject of recent interest, borne from the importance of structural integrity in next-generation small-scale devices, as well as the emergence of size effects on mechanical behavior. The latter discovery has motivated a number of studies that revealed that the mechanical behavior of small crystals is markedly different than that of their bulk counterparts. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] These driving forces have necessitated the development of new techniques and testing methods that address the difficulties of synthesizing, handling, and measuring properties of micro-and nanoscaled specimens. 15 Techniques ranging from nanoindentation, 16 micro-and nanocompression, [17] [18] [19] microbending, 5, 11, [20] [21] [22] and micro-and nanotension 8, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] have been introduced using novel instrumentation and analysis approaches. In parallel, a large surge of effort has focused on in situ methodologies, where imaging and testing occur simultaneously. 37 Imaging and characterization platforms with requisite spatial resolution for nanoscale investigations that have been employed for in situ mechanical testing include scanning electron microscopy (SEM), 17, 28, 36, [38] [39] [40] transmission electron microscopy (TEM), [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] atomic force microscopy (AFM), 32, 54 micro-beam X-ray diffraction, [55] [56] [57] and visible light scattering (e.g., Raman spectroscopy). 55, 58 While high-throughput in situ testing is still nascent, one advantage of such testing is clear; a correlation between deformation events and measurement of properties can be directly obtained. Despite the new approaches that have been developed to address small scale mechanical testing, not all are fully quantitative and many result in data fraught with uncertainty. Given the technological advances in high-fidelity sensors, actuators, and positioners, a strong thrust towards developing or refining testing techniques and standardization that mitigate experimental error and artifacts must be accomplished; these demands were successfully addressed for large scale mechanical testing (see, e.g., Ref. 59 ) and should be used as a guide for small scale measurements. A comparison of several smallscale mechanical testing approaches 23, 35, [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] is summarized in Fig. 1 , where the dynamic range in both displacement and force measurement is highlighted.
In this work, we introduce a novel in situ nanomechanical testing platform consisting of a parallel-plate capacitor system for actuation and displacement measurement, and nanopositioning stages for proper specimen alignment. The system is capable of a wide range of nanomechanical tests, including nominally uniaxial tension and compression, nanoindentation, and bending. Rzepiejewska-Malyska et al. recently reported the development of a nanoindentation system capable of being operated in an SEM environment. 38 We report the modification and operation of a next-generation transducer and extend the application to nanotensile and microcompression testing in a dual-beam focused ion beam (FIB) and SEM instrument. Special attention is placed on methods required for nanotensile specimen preparation, forcedisplacement transducer operating principles, vacuum compatibility of the instrument, and the use of quantitative digital imaging methods. We show the efficacy of this instrumentation by way of two representative examples that highlight the ability of these methods for interrogation of single crystal deformation behavior at small length scales: (i) tensile testing of single-crystalline metallic nanowires and (ii) microcompression testing of nanoporous Au.
II. EXPERIMENTAL

A. Background of methods for in situ nanomechanical testing
When the dimensions of testing specimens are decreased to the nanoscale, there is also need for different techniques that facilitate accurate and readily interpretable testing. White light optical microscopy is no longer sufficient as the imaging platform at these scales due to diffraction-limited spatial resolution and is often replaced by electron beam imaging of the small specimens. Gas injection systems inside the SEM can be used for gripping the specimens in lieu of mechanical clamps. Manipulation also needs to be done inside the SEM and remotely, using devices that allow for fine motion of the order of atomic spacing, but with large overall range. Imaging and manipulation techniques are also crucial for the alignment of the specimens in order to achieve nom- inally uniaxial testing conditions and allowing for facile data interpretation. The in situ nanomechanical testing platform reported here employs a FIB/SEM dual-beam system equipped with a transducer based upon a double three-plate capacitor design, 38 a nanomanipulator, and three independently controlled nanopositioners. A photograph and a schematic showing all degrees of positioning freedom are shown in Fig. 2 . In Secs. II B-II D, we describe the main experimental components and approaches.
B. Nanostructure harvesting, manipulation, transfer, alignment, and gripping
The first task in performing a nanomechanical test is to identify and isolate a single specimen. In the case of nanoindentation and microcompression, for instance, this involves locating an area that has been previously prepared by standard metallographic techniques or using other techniques to fabricate specimens. In the case of nanoscale tensile testing, specimens are often dispersed randomly or grown in high density on a substrate, requiring careful harvesting of individual specimens. We now focus on an example of extracting an individual nanowire for subsequent tensile testing as shown in Fig. 3 . A standard SEM holder can be used to mount the sample with synthesized nanostructures, as well as a well-defined gripping substrate. Once a specimen that meets the desired dimensions is identified, it is aligned with the microscope stage such that it can be approached and gripped easily with the manipulator (Fig. 3(a) ). The root of the specimen is brought into close proximity with the nanomanipulator tip (Kleindiek Nanotechnik) using a combination of stage and coarse manipulator motion (Fig. 3(b) ). Contact between the manipulator and tip can be ensured by: (i) a change in contrast due to electrical contact, (ii) small mechanical perturbations of the manipulator, or (iii) changes in the vibration response of the specimen due to new boundary conditions. All of these methods minimize mechanical loads applied to the specimen, particularly if the tip is attached at the root of a nanowire. The specimen is then "glued" to the tip of the manipulator using local electron-beam induced deposition (EBID) of a Pt-based organometallic precursor gas that is delivered through an injection system and adsorbs to nearby surfaces. [72] [73] [74] [75] Given that the initial attachment point is near the root of the nanowire, any mechanical deformation would occur between the tip and the root; the free end of the wire is stress free. This point is exploited for detachment of the wire from the substrate by small movements of the manipulator or microscope stage. Provided that the bonding of the Pt-organic deposit is strong relative to the substrate-wire interface, the wire will break off leaving a freestanding nanowire attached to the manipulator tip ( Fig. 3(b) ). Alternatively, the manipulator tip can be attached at the end of the nanowire and the root can be cut free using the FIB. However, this method is avoided in cases where the influence of the ion beam is expected to have an adverse effect on mechanical response. 76 Alignment of the nanowire with the first gripping surface must then be achieved (Fig. 3(c) ). Precise alignment involves ensuring coincidence of the nanowire and actuation and force measurement axes, which can be challenging. Multiple degrees of freedom (DOF) of stage and manipulator are required, as well as proper characterization of the spatial orientation of the specimen from its growth substrate. Given the difficulty of mitigating misorientation out of the image plane, we employ an AFM cantilever as our fixed gripping surface, which provides ample in-plane stiffness while exhibiting appreciable out-of-plane compliance (bending of the cantilever about its transverse axis). The efficacy of this approach in eliminating misalignment issues depends on the degree of misalignment and the relative stiffness of the specimen being tested. Nevertheless, the location of fracture can be used as a gauge; fracture near the grips implies significant concentration of stress, while fracture in the middle of the specimen indicates good alignment. Only data from the latter events are used when reporting tensile strength values. Bringing the cantilever and the free end of the specimen into aligned contact is accomplished using the microscope stage and manipulator. Local Pt-organic EBID is applied once more for gripping. Subsequently, the specimen is cut free from the manipulator tip on the opposite side using the FIB and the manipulator is retracted. It should be noted that very small beam currents (<10 pA) are used for these cutting processes and the cut area of the specimen is never included in the gauge section of the specimen. In the case of microcompression testing, the end effector on the transducer is changed to a flat-punch diamond tip, which is brought into contact with pillar specimens fabricated directly on the sample, similar to other reported in situ microcompression methods. 19, 57, 77 Following Ref. 78 , we check for alignment of the tip with respect to the pillar axis by performing low-load indentations on the sample surface slightly away from the micropillars. The residual imprint left from plastically deforming the sample surface and any corresponding asymmetry gives an indication of the degree of misalignment. Any detected misalignment is corrected for using the degrees of freedom of the testing system. We note that the two orthogonal tilt axes (one is provided by the SEM rotational stage) necessary for accurate alignment of the punch to the specimen surface are not available, though since the pillars are fabricated directly on the SEM stub, the misalignment in the second tilt direction is expected to be small. We estimate such misalignment to be <5
• , which corresponds to an uncertainty in the axial force measurement of <0.5%.
As shown in Fig. 3(d) , the Pt-organic deposits used for gripping of the two ends of the nanowire tensile specimens provide a conformal coating that attaches the specimen to the gripping surface. All deposits were performed using the electron beam as the energy source for the molecular dissociation, at energies of 10 kV while varying the beam dwell time and deposit area depending on the material and size. Limited information exists regarding the strength of these "tape" deposits given that the microstructure and corresponding properties vary depending on the deposition conditions. Nevertheless, this gripping method has proven to be sufficiently strong for specimens as large as several μm, generating forces as high as ∼5 mN. 35 Specimens that have diameters that are larger than ∼0.5 μm and have high strengths need to be gripped strongly to avoid slipping at the gripping ends. In these instances, we have employed two reinforcing methods: (i) FIB milling of a recessed gripping surface in order to provide a strong interfacial bond between the Pt-organic deposits and the specimen which sits in this machined trough, or (ii) depositing multiple strips both aligned perpendicular and at 45
• angles to the tensile axis so as to maximize the resistance of the grips in shear.
It should be noted that the Pt-organic deposits, although locally attached to the ends of long nanowire specimens, have been known to show significant delocalization and can decorate surfaces away from the region of electron rastering during deposition. The extent of the spread of EBID deposits was experimentally shown by Gopal et al. to have a diameter exceeding 10 μm on oxidized silicon, and was attributed to thermally assisted diffusion of Pt on the surface. 79 Such a mechanism implies that the extent of delocalization will depend strongly on the diffusive and thermal properties of the material being studied. We have examined single crystalline Cu nanowires in TEM after depositing Pt-organic grips on either side, where electron dispersive spectroscopy shows minimal Pt-organic delocalization above the detection limit in the gauge section of the specimen. Nevertheless, other materials could potentially show enhanced diffusion of the Pt-organic species, resulting in decoration of the nanostructure being tested. Thus, caution should be taken to characterize the role of a Pt-organic sheath on load bearing behavior during mechanical testing of nanostructures. Following measurements of the strength and stiffness of ion-beam induced deposition of Pt-organic by Utke et al., 80 we make the following rough estimate of the effect of a Pt-organic shell surrounding a copper nanowire core. Assuming an iso-strain deformation (Voigt composite) configuration, we can calculate an upper limit of the effect on measurements of the Young's modulus of a nanowire as follows. We write the effective modulus E eff of such a composite as
, where E Pt−C is the Young's modulus of the Pt-organic deposit, E NW is the Young's modulus of the nanowire, and v f is the volume fraction of the Pt-organic shell. For a cylindrical core-shell geometry, we can express
, where t is the thickness of the shell and d is the diameter of the nanowire core. Assuming a modulus ratio E Pt−C /E NW = 0.1, which is reasonable for analysis of a metallic nanowire, 80 the effective modulus of the composite would change by more than 10% (sufficiently beyond experimental uncertainty such as to be detected) if t/d > 1/33. For instance, a 3 nm Pt-organic coating on a 100 nm Cu nanowire would change the effective Young's modulus by ∼10%. Thus, an increasing effect on load bearing of the Pt-organic layer is expected with decreasing nanowire diameter. Nevertheless, when the diameter of the nanowire without the shell can be accurately measured prior to contamination, a good estimate of engineering stress is possible in cases where the relative shell size is small.
The final step in the preparation of our in situ nanowire tensile test is to align and move the nanomechanical transducer tip to the specimen using the three-axis nanopositioning system (Attocube Systems) and the rotational axis of the microscope stage (as illustrated in Fig. 2 ). Once the free end has made contact with a conductive diamond tip at the distal end of the transducer, Pt-organic is once again deposited to fully secure the nanowire in place for a mechanical test as shown in Figs. 3(e) and 3(f).
C. Load application and measurement
Transducer details
The heart of any nanomechanical test system is the transducer. To quantitatively measure nanomechanical properties, it is imperative that the transducer itself be well characterized and calibrated in order to achieve accurate force and displacement measurements. The transducer used for the current system is similar in concept to the one used previously by Rzepiejewska-Malyska et al. 38 The transducer is capable of both electrostatic force actuation and capacitive displacement sensing. A cross-sectional view of the transducer is shown in Fig. 2(c) . Similar to the transducer described previously, 38 this current design includes two sensor cores both coupled to a central rod. Each sensor core is based upon a threeplate capacitor design consisting of a spring suspended center plate (center electrode), which occupies the space between two fixed outer plates. Dielectric spacers are used to maintain parallel configuration of the three plates. The nominal gap between the center plate and either outer plate is 100 μm. The central rod is directly coupled to the center plate of each sensor core. The central rod consists of a ceramic outer sheath surrounding a threaded brass rod. The ceramic sheath provides electrical isolation of the rod from the center plates. The sensor core closest to the probe is used to generate the actuation force and the second core is used for displacement sensing only. The conductive probes are designed to be interchangeable and are attached by simply threading onto the central rod. The probes can be constructed out of various conductive (and non-conductive) materials and machined to meet the desired application. The standard tips are made of single crystal boron doped diamond with a nominal resistivity of 0.04 m. The doping is implemented during the diamond growth process, which gives a more homogenous doping profile compared to surface doping methods. In order to prevent electrostatic charge buildup on the probe from the electron beam, a conduction path through the central rod is provided.
Electrostatic actuation is achieved by applying a known DC voltage between the center and one of the outer plates. The transducer operating principles are illustrated in Fig. 4 . This next generation transducer is larger than the one used by Rzepiejewska-Malyska et al., 38 and is capable of bidirectional actuation depending on which outer plate is activated during the test (Figs. 4(b) and 4(c) ). The larger transducer design is able to generate nearly 10 mN of force with a displacement range of ±15μm. The electrostatic force, F e , generated by the electrostatic actuation is described by the following equation:
where ε 0 is the electrical permittivity, A is the overlapping electrode area, d 0 is the nominal electrode gap (i.e., gap when no voltage is applied), δ is the displacement from d 0 , κ 0 is the electrostatic force constant at the nominal gap, and V is the voltage applied across the center plate and outer electrode. As described with Eq. (1), the electrostatic force is proportional to V 2 and inversely proportional to the square of the capacitor plate gap. To achieve bi-directional actuation, the excitation voltage must be directed to either the front or rear outer plate depending upon whether the desired test is compressive or tensile, respectively (see Figs. 4(b) and 4(c) ). During the test, the gap between the center and outer electrodes will change which will in turn result in a change to the electrostatic force. Equation (1) takes into account this change in electrode gap.
To detect displacements, a ratiometric method is used involving a high frequency (∼125 kHz square wave) signal on one of the fixed outer plates and a second signal of the same frequency but phase shifted by 180
• on the other outer plate. The high frequency signal is much higher than the mechanical bandwidth of the transducer (∼100 Hz) and, consequently, the high frequency voltages applied for the sensing do not actuate the transducer. In the three-plate capacitor design, each outer plate and center plate combination can be considered as a separate capacitor (with capacitances C 1 and C 2 ). As the center plate moves, a high impedance pre-amplifier circuit is used to measure the change in capacitance. The pre-amplifier circuit is designed to produce a DC voltage output proportional to the displacement. In the absence of stray capacitance, the voltage output V out from the sensor is proportional to the capacitance ratio as described with the following equation:
where C 1 and C 2 are the two capacitances in the differential capacitance sensing. In order to minimize pump down time, only high vacuum or ultra-high vacuum compatible materials were incorporated into the design. Components containing magnetic impurities were also avoided to prevent interference with the electron beam and/or electron imaging.
Calibration
The displacement calibration is done over a range of ±15 μm with the transducer mounted horizontally, which is the typical operational orientation for compression/tensile test modes. In this orientation, the voltage output of the transducer was determined to be linear with a linearity error of <1% over this range. Calibration of the spring stiffness of the transducer (k = 362 N/m) involves using certified deadweights and laser interferometry with the transducer mounted in a vertical orientation. In this position, the center plate is offset by ∼20 μm relative to the horizontal rest position. Finite element analysis of the transducer design indicated that the spring stiffness should be constant over displacements of at least ±25 μm about the relaxed state of the horizontal configuration. Therefore, the measured spring stiffness in the vertical orientation should be valid for the horizontal orientation. Before testing and at regular intervals, the zero-volt electrostatic force constant, κ 0 , and the zero-volt rest gap d 0 , are determined from a large displacement actuation with the tip out of sample contact (see Eq. (1)). During this test the electrostatic force generated, F e , must be equal to kδ based upon a linear spring model. This out-of-contact calibration is integrated into the software, which makes the task relatively quick and routine. The linearity error of the out-of-contact force-displacement curve (and thus the spring constant) was determined to be <1% over the calibrated range of the transducer. The force calibration was also verified by testing with a reference transducer as well indenting against a flexure device of known spring constant. The displacement calibration was verified by both a reference transducer as well as SEM observation. Each actuation direction requires its own displacement and electrostatic force calibration.
For certain tests the transducer and sample may be tilted with respect to the electron beam in order to better view the contact zone during the test. The maximum possible tilt is about 30
• for this system. At higher tilt angles there is the risk of collision between the transducer housing and the electron column. The maximum tilt angle will vary based upon SEM manufacturer, chamber design, and orientation of the nanomechanical test instrument relative to the tilt axis of the SEM. Also, the number and placement of auxiliary components (e.g., detectors, manipulators, gas injection needles, etc.) on the chamber may restrict movement. As the transducer is tilted, the weight of the center plate/central rod assembly causes a "forward" displacement shift. The calibrated range of ±15 μm is referenced to the relaxed state of the horizontal configuration. For a tilt angle of 30
• , the center plate will be offset by ∼10 μm. In order to stay within the calibrated working range of the transducer, the maximum displacement in the forward direction will be reduced by the offset. This travel range is restricted by software control. The electrostatic force calibration routine should also be repeated if the orientation of the transducer changes (e.g., transducer tilted). Improved calibration methods are currently being explored to increase the calibrated range of travel.
Control system and feedback operation
A recently developed digital signal processor (DSP) based controller and data acquisition system (performech TM , Hysitron, Inc.) was utilized for nanomechanical test control. The controller interfaces to a PC through a USB 2.0 link. The controller includes 24-bit ADCs and 16-bit DACs for analog signal acquisition and analog output, respectively. The DSP architecture is ideally suited for the calculation of intensive algorithms implemented for the various transducer control and test modes. There are three basic control modes used to operate the transducer, which include open-loop load ramp, closed-loop displacement control with displacement set point ramp and true closed-loop load control. 81 The control modes can be used to operate the transducer in either direction depending upon whether the desired test is tensile or indentation/compression related. Prior to the test, the user defines a load or displacement versus time function, which is then transferred to the DSP controller. Once the test is initiated, the DSP controller implements the necessary feedback algorithms and performs all calculations required for real-time control. The internal loop cycle runs at 79 kHz, and the controller handles additional signal processing (e.g., data averaging, filtering, etc.) within the loop cycle.
Noise in in situ systems
For accurate results in nanomechanical testing, the presence of noise in the system should be minimized. The occurrence of noise in a raw output signal can have many origins, particularly, in vacuum environments, such as: (i) mechanical vibrations, (ii) electrical noise from the ac line source (with characteristic frequencies), and (iii) electrical noise from stray electromagnetic fields. Strategies for eliminating the presence of these deleterious effects can be generally characterized as those preventing the origin of the noise or those that actively compensate. To reduce the noise and hence improve the performance of the system, the mechanical design of the system should be optimized to reduce the transfer of external noise to the system. Two main aspects have to be considered here: (i) the mechanical connection between the microscope mechanical stage and transducer should be as stiff as possible and (ii) the entire system should be isolated from external vibrations. The latter is fulfilled by the pneumatic isolation of the microscope chamber from the ground. Besides mechanical measures, suitable algorithms implemented in the control hardware and software of the transducer are used to dampen out a significant part of the noise that is caused by mechanical resonance.
The nanomechanical transducer is designed for operation in both ambient and high vacuum environments. In a high vacuum/low air damping environment, there is an increase in the mechanical amplification at the resonance frequency and an increase in the overall settling time of the transducer. Figure 5 shows the differences of the system if operated in air or vacuum. The time domain in Fig. 5(a) Fig. 5(b) is increased by a factor of 8. The FFT spectrum in Fig. 5 (e) shows a large peak around 100 Hz, indicating that the transducer is oscillating at its resonance frequency.
In addition to long settling times while operating in open-loop control mode, the closed-loop control of the test may become quite unstable due to this effect. To solve the problems inherent in performing nanomechanical testing in a high vacuum environment, increasing the system damping is highly desired. Reducing the system quality factor in high vacuum can shorten the settling time and improve the stability for closed-loop control. Due to this reason, a digital damping control algorithm has been implemented into the control system. 82 The control algorithm is implemented by adding an additional signal to the actuation drive output sent to the transducer. This additional signal is calculated by multiplying the user-adjustable damping control gain by the 90
• phase shifted transducer displacement signal. All calculations are performed in real time by the DSP controller. The implemented damping control can either increase or decrease the system quality factor by manipulating the damping controller gain. Figures 5(c) and 5(f) show the noise characteristics for the configuration in vacuum with Q-control switched on. Compared to the open-loop spectrum in vacuum, the noise floor is reduced by a factor of 2 and the resonance peak diminished considerably.
D. Local strain measurement
To perform accurate uniaxial mechanical testing capable of capturing all mechanical properties (e.g., Young's modulus, strength, and toughness), a local and non-contact approach for strain measurement must be employed. Given the inherent compliance of high-fidelity sensors and gripping modes used in micro-and nanomechanical testing, a remote displacement measurement and knowledge of the specimen gauge length is generally not sufficient to deduce the real specimen strain and can often lead to inaccurate stress-strain curves. We employed digital image correlation (DIC) of SEM images captured during in situ deformation experiments to calculate the local strain in the specimen. This technique, commonly applied to macroscale testing, [83] [84] [85] [86] [87] [88] has recently been extended to the micro-and nanoscale where conventional imaging schemes are replaced by SEM, 36, [89] [90] [91] [92] FIB, 35 and AFM (Ref. 32) platforms. Strain calculations using DIC rely on intensity variations in digital images, which can be present either naturally or intentionally via surface decoration or microfabrication methods. Sutton and co-workers reported a handful of approaches to introduce contrast in SEM images for DIC, 93 as well as correction schemes to account for imaging artifacts and aberrations. 90, 91 We utilized natural contrast during nanowire tensile testing, which allows for comparison of image series obtained as a function of deformation. Briefly, DIC calculates the correlation coefficients of subsets of consecutive images. Determining the maximum of the correlation coefficient with varying deformation allows one to deduce the optimal mapping from a reference (undeformed) to a deformed state with sub-pixel precision. This approach is described in detail in Ref. 83 . Since the calculation of strain depends on the acquisition of digital images, a compromise must be made between high and low imaging rates. The former allows for a faster data rate, which can be useful if dynamic mechanical response is expected or fast strain rates are needed. The latter, however, allows for a high electron beam dwell time, which enhances the signal-to-noise ratio resulting in higher quality images and lower noise in the strain calculation.
III. REPRESENTATIVE RESULTS
In Secs. III A and III B, we report examples of microand nanomechanical testing of metallic specimens that highlight the capabilities of the methods and instrumentation of our approach in the context of size dependent plasticity.
A. Tensile testing of individual single crystal nanowires
Using the approaches described above, an individual single crystalline copper nanowire with a diameter of ∼75 nm was extracted and transferred to the nanomechanical testing system. These nanowires are grown using high temperature physical vapor deposition onto a carbon-coated silicon substrate, resulting in single crystalline high-aspect ratio nanostructures with well-defined cross-sectional geometry, as reported by Richter et al. 36 The remarkable defectfree nature and concomitant high strength (near the ideal strength) of these nanowires resulted in dubbing these structures nanowhiskers; adopted from the microwhisker experiments from fifty years ago by Brenner.
68, 94-97 Figure 6 shows snapshots of an in situ tensile test of the 75 nm Cu nanowhisker. Figure 6(a) shows the initial testing configuration, demonstrating some natural contrast along the length of the nanowhisker, presumably from a carbonaceous layer that has formed as a result of imaging. This allows for a local and quasi-full field analysis of the strain that develops upon the application of load to the nanowhisker specimen. The axial displacement fields are shown in Figs. 6(b)-6(d), which demonstrates that the largest gradients are directly along the nanowhisker axis, suggesting good alignment. In addition, the axial gradient (used to calculate axial strain) is uniform, which shows that plastic deformation in these Cu nanowhiskers does not result in localized necks or heavily slipped regions. Instead, deformation is primarily elastic until the point of fracture at strengths near the ideal strength, which is consistent with the notion of deformation of near defect-free nanostructures where nucleation of defects, rather than activation of pre-existing defects, is the strength controlling mechanism.
98, 99 Figure 6 (e) shows an example of a tensile load-displacement curve measured from an individual Au nanowhisker with an effective diameter of 133 nm, which demonstrates significant amounts of plastic strain. Knowledge of the cross-sectional area allows for the calculation of engineering stress, and the nominal strain in the wire is also shown. Using the system described herein, we have successfully measured the mechanical response of nanowire specimens as small as 60 nm in diameter. Figure 7 shows in situ microcompression of nanoporous Au specimens in a dual-beam FIB/SEM instrument. Focused ion beam milling using top-down annular patterns was employed to fabricate pillars from bulk nanoporous gold, prepared using chemical dealloying of Au-Ag alloys following the procedure detailed in Refs. 100-102. For the in situ experiments, micropillars were fabricated so that the annular milling ring intersected with the edge of the bulk specimen as shown in Fig. 7(a) . This enabled direct visualization of the micropillar perpendicular to the top surface during deformation (Figs. 7(d) and 7(e)), which greatly simplifies alignment of the flat punch tip and the specimen, in addition to interpretation and strain measurement.
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B. Microcompression of nanoporous gold
The diamond punch was brought into close proximity to the specimen using the nanopositioning system, and the alignment was verified by performing multiple indents into the surface of the nanoporous Au away from the micropillar specimens. Inspection of the residual imprints on the surface indicates the degree of misalignment, which can be corrected by using the rotation axis of the microscope stage. Once aligned, the tip is brought to the specimen as shown in Fig. 7(d) . To optimize image quality and signal-to-noise ratio, the test was performed in a step-wise fashion. Operating in feedback-enabled displacement control, 50 nm displacement increments were applied, followed by ∼50 s hold segments. Relatively long dwell times were chosen for imaging during these displacement holds, and imaging was synchronized with the testing program. Figure 7 (c) shows a snapshot of an image during testing, and the load-displacement data are shown in Fig. 7 (e). It is evident from the load vs. time trace that significant load relaxation occurs during some of the displacement hold segments during testing. We speculate that these load transients could be related to microplasticity of regions near the base of the micropillar. Global plasticity of the micropillar can be seen in the load-displacement curve by the average curvature of the load curve during loading segments, as well as from a permanent shape change of the pillar shown in Fig. 7(d) . While the majority of plastic deformation was concentrated in the lower half of this micropillar, which was partially shadowed by nanoporous Au residue surrounding the pillar, this approach provided high quality images capable of detecting strain information at near local cellular architecture level. Studies are underway to provide a correlation between local structural deformation with macroscopic mechanical response, which show promise for testing the validity of Gibson-Ashby type scaling relationships as applied to the deformation of nanoporous metals.
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IV. CONCLUSION AND OUTLOOK
We have shown the development and application of a quantitative in situ nanomechanical testing system designed for a scanning electron and focused ion beam platform. This system, based on a double three-plate capacitance actuation and sensing scheme with active feedback electronics for close-loop operation, can be utilized for several types of nanomechanical tests including tension, compression, bending, and indentation. In conjunction with the use of image processing software, the system allows for a quantitative assessment of the elastic and plastic response of nanostructures. We demonstrate the efficacy of this characterization platform to the in situ mechanical testing of metal nanowires and FIBfabricated nanoporous Au micropillars. The application of these quantitative methods allows for insights to be gleaned on new mechanisms of deformation that govern the mechanical response of small-scale materials.
We envision several future improvements to the nanomechanical testing system for increased fidelity and versatility. First, the overall size of the transducer and transducer housing will be reduced to minimize the risk of mechanical interference with other internal components and to facilitate the use of other in situ analytical techniques (e.g., EBSD). Through clever design, this can be accomplished without compromising the maximum transducer force. Another improvement will involve reducing the moving mass and/or increasing the spring stiffness of the transducer to in turn increase the resonance frequency and mechanical bandwidth of the transducer. A higher resonance frequency will offer faster response and also be more stable in the high vacuum environment. However, increasing the spring stiffness will place more demand on displacement sensitivity to not degrade the force sensitivity.
